Introduction
A growing concern of scientists, nature preserve managers, and conservationists is the phenomenon of biological invasions (Huenneke 1988) . A biological invasion occurs any time an organism is introduced to a new area outside of its current range. Often these invasions are linked with anthropogenic disturbance of the environment (Whitney 1994) , but pristine natural habitats may also be susceptible to invasion. While many of these invasions are either not successful or have negligible consequences, some invasive species can become serious pests in the habitats they invade (Williamson 1996) .
Although some plant communities seem especially prone to invasion, all communities are vulnerable (Crawley 1987; Binggeli 1996). Invasive species may negatively affect a community by leading to decreases in population numbers, increases in species extinctions, or alterations in ecosystem function (Mooney and Drake 1986; Vitousek et al. 1996). These effects may be accomplished by a variety of factors, including competition, predation, disease, or amensalism (Williamson 1996) .
Among biological invasions, one problem that stands out is the ever-increasing spread of nonindigenous plants. Often called exotics or weeds, these invasive nonindigenous plants can have harmful effects on the new ecosystems to which they 1 Author for correspondence and reprints; e-mail jm110686@ oak.cats.ohiou.edu.
Manuscript received July 1998; revised manuscript received February 1999. are introduced, often displacing and even extirpating the native species in the invaded areas (Cronk and Fuller 1995). Although ca. 10% of the flora worldwide are nonindigenous (Heywood 1989) , and 25% of the plants in North America are not native (McKnight 1993) , it is only recently that scientists have begun to identify and study some of the more problematic nonindigenous plants.
One nonindigenous plant that is currently receiving much attention because it is invading forested natural areas in the northern United States and southern areas of Canada is Alliaria petiolata (Bieb.) Cavara & Grande (Gleason and Cronquist 1991). Alliaria petiolata is commonly called garlic mustard because of the strong garlic odor the plant produces when crushed. It is a biennial herb that was first introduced to North America in the mid-1800s (Nuzzo 1993) , possibly by colonists who planted it in their gardens for use as a medicinal and edible herb (Grieve 1959). Alliaria petiolata is of particular interest experimentally because it has the ability not only to invade mature second-growth forests, habitats that are typically considered to be relatively resistant to many invasives, especially herbaceous plants, but also to displace the native vegetation in these invaded areas (McCarthy 1997) . Previous research has shown that when A. petiolata is experimentally removed from a forested area, the richness and abundance of understory species, especially annuals and woody perennials including tree seedlings, increase (McCarthy 1997 (Hamilton 1994) . These designs are used to answer different types of questions regarding competition. Additive designs can be used to quantify competition between species without regard to competition within species, e.g., weed-crop experiments. Replacement designs involve planting target species together in varying proportions (and sometimes in varying densities) to examine the effect one species has on the growth of another, and they can be used to answer questions about intra-and interspecific competition and the similarity of competing taxa (Hamilton 1994).
The objective of this study was to examine the competitive ability of A. petiolata relative to the competitive abilities of three native plant species that often occur in habitats in the 
When two species are grown together in a pot, the more aggressive species will have the higher A value. The plant with the higher aggressivity value is assumed to be the stronger competitor. The effects of species, density, and proportion on plant growth were examined using relative yield data as the dependent variable. Relativized data were used so that comparisons could be made between species that naturally differ from each other in their absolute biomass. Data were analyzed with SAS (version 6.12) by performing a three-way GLM ANOVA procedure using Type IV sums of squares to correct for the two missing treatment cells at the two-plants-per-pot density level (SAS 1990; Shaw and Mitchell-Olds 1993). All treatment factors were considered fixed.
Multiple t-tests using a Bonferroni correction were used to compare each relative yield value with a value of 1.0, the value expected when a species is grown in monoculture. Each relative yield total value was also compared by multiple t-tests using a Bonferroni correction with 1.0, the value obtained when the expected yields for each species grown in the mixture are summed (Hintze 1995). Since 13 nonindependent comparisons were made, a Bonferroni correction was used for each t-test (a = 0.05/13). Data were transformed as necessary to meet the assumptions for homogeneity of variances and normality prerequisite for parametric statistical tests.
Results
The yield of Impatiens capensis when grown in mixture with Alliaria petiolata was 11.7% higher than the yield of I. capensis when grown in monoculture. The yield of A. petiolata when grown in mixture with I. capensis was 17.4% lower than the yield of A. petiolata when grown in monoculture. In all of the five density treatments, the actual yield of I. capensis was higher than the expected yield, while the yield of A. petiolata was lower than expected in the three lowest treatment densities and higher than expected at only the two highest densities ( fig. 1) . The yield of Acer negundo was 37.0% higher when grown in mixture with A. petiolata than in monoculture. The yield of A. petiolata was 36.2% lower when grown in mixture with A. negundo. At all densities, the yield of A. negundo when grown in mixture with A. petiolata was higher than expected. The yield of A. petiolata was lower than expected for all mixture densities except four plants per pot ( fig.  1 ). The yield of Quercus prinus was 34.8% lower in mixture with A. petiolata than in monoculture, while the yield of A. petiolata was 21.6% higher in mixture with Q. prinus. The yield of Q. prinus was lower than expected at all five mixture densities. The yield of A. petiolata was higher than the expected yield at all mixture densities ( fig. 1 ). There were occasional deaths across treatments, but there were no species-, density-, or proportion-related deaths for any of the four species in the study. When I. capensis and A. petiolata were grown together, there was a significant effect of density (P = 0.006) and species (P < 0.001), a density by proportion interaction (P = 0.005), and a species by proportion interaction (P = 0.029) ( yield of I. capensis at each density was greater when the proportion of I. capensis per pot was lower. The lack of any significant species effect indicates that there was no significant effect of interspecific competition on A. petiolata or I. capensis when the two were grown in mixture. When A. negundo and A. petiolata were grown together, there was a significant effect of density (P = 0.040), species (P < 0.001), and proportion (P < 0.001), a density by species interaction (P < 0.001), a proportion by species interaction (P < 0.001), and a density by species by proportion interaction (P < 0.001) (table 1 Quercus species seedlings, in contrast, usually occur at lower densities. Rhoades (1992) found densities of about two seedlings per m2 growing in an upland oak forest in southwestern Virginia, but seedling densities could be higher in a good mast year. Therefore, individual Quercus seedlings would be more likely to encounter dense stands of A. petiolata plants than vice versa. The results from this experiment indicated that, even at low densities, Quercus seedlings were negatively affected by competition with A. petiolata, so in forested habitats it is likely that Quercus seedlings could be seriously affected by the presence of A. petiolata.
Although A. negundo seedlings can often be found at high densities in riparian habitats, it may be more realistic to expect lower densities than those represented in this experiment. Acer negundo was not negatively affected by the presence of A. petiolata at any density, while A. petiolata was only affected by competition with A. negundo in the higher density situations. In natural settings, A. petiolata may be unlikely to encounter A. negundo seedling densities at high enough levels to be affected by interspecific competition.
An interesting aspect of the results from this study deals with the negative effect that A. petiolata had on the growth of Q. prinus seedlings. An important problem in many North American mixed oak forests is the failure of Quercus spp. (oaks) to regenerate. Originally, oaks dominated large tracts of these hardwood forests, but oaks are systematically being replaced by other hardwood species, such as Acer rubrum, A. saccharum, P. serotina, Liriodendron tulipifera, and Carya spp. (Abrams and Nowacki 1992). Many possible causes have been suggested to explain this problem, including acorn predation by rodents, deer, and insects (Marquis et al. 1976 ); seedling browsing by deer and insects; environmental change to cooler and moister conditions; decreasing fire frequency; forest fragmentation; and competition from other vegetation (Lorimer 1992) .
The presence of understory vegetation can be particularly detrimental to young oaks. Many oak seedlings divert much of their initial reserves into root growth, and if the neighboring vegetation overtops the oaks, intercepting most of the sunlight, seedling reserves may be depleted and the plants may die (Crow 1988). In one study, oak survival was found to be greater on sites where the understory layer had been removed than on sites where the vegetation was left intact (Pubanz and Lorimer 1992). This study indicates that a dense understory composed primarily of shade-tolerant species can lead to a drastic decline
